Introduction
As the demand for ultra-clean steel increases, improved control of the impurity content in steel is required. It has become necessary to decrease and to control the impurity content to below a few mass ppm. It is well known that calcium treatment is effective in removing oxygen and sulfur in molten iron but its application has some difficulties because of the low solubility and the high vapor pressure of calcium. 1) On the other hand, rare-earth elements can be used as multifunctional materials and their use has recently expanded. In general, rare-earth elements are rather expensive and their use in steel refining is considered to be difficult. However, with their increased use, many by-products include rare earth elements and their utilization in steel refining may be possible. Rare earth elements easily react and form compounds with solutes in steel 2, 3) and they may be particularly effective for the desulfurization of molten iron. Moreover, this change in the properties of steel may also be achieved by maintaining a small amount of impurities in the steel as compounds of rare-earth elements. 4) However, studies on deoxidation and desulfurization equilibria of liquid iron by rare-earth elements are limited, 2, 5, 6) and the thermodynamic data obtained is possibly not reliable because of the difficulty in obtaining these measurements.
In this study, neodymium was selected as the rare-earth element and we therefore investigated the deoxidation and the desulfurization equilibria of liquid iron as influenced by neodymium in the Fe-Nd-O-S(-Al) system at 1 873K.
Experimental
High purity electrolytic iron was put into a magnesia crucible (40-mm o.d., 30-mm i.d., 100-mm height) and was inductively heated in an Ar-H 2 mixture. At 1 873 K, hydrogen was blown over the metal surface at a flow rate of 200 cm 3 /min (s.t.p.) and the sample was deoxidized for 1.5 h. After deoxidation, reagent grade Nd (purity: 99.9%) was added and the sample was held under these conditions for 6 min. The sample was then quickly cooled and Fe-2 to 3 mass%Nd alloy was obtained. The Fe-0.02 to 1mass%S alloy was prepared by the same method but using reagent grade FeS (purity: 50%) and molten iron. A Nd 2 O 2 S tablet was made according to a procedure in literature 7) as follows: Nd 2 O 3 and S powder was mixed at a mol ratio of 1 : 1 and the mixture was placed in a magnesia crucible (30-mm o.d., 23-mm i.d., 50-mm height). The MgO crucible was shielded by placing it within an iron crucible fitted with a lid (35-mm o.d., 31-mm i.d.,75-mm height) and was heated to 723 K at a heating rate of 18 K/h. The sample was kept at 723 K for 48 h upon which the sample was heated to 1 323 K over 24 h. After equilibration, the sample was withdrawn from the furnace and quenched in Ar. The neodymium content of the metal sample was analyzed by inductively coupled plasma (ICP) emission spectrometry. The oxygen content was analyzed by the inert gas carrier melting-infrared absorption method using an oxygen analyzer. Compounds formed at the surface of the sample and at the interface between metal and crucible were analyzed using X-ray diffraction analysis. For experiments of the Fe-Nd-O-S system, the prepared Fe-S alloy and the deoxidized iron weighing 15 g and the Nd 2 O 2 S tablet weighing 1 g were put into the Nd 2 O 3 crucible and the Nd 2 O 3 crucible was put into the carbon crucible. The sample was held for 15 h in Ar at 1 873 K. After equilibration, the sample was withdrawn from the furnace and was quenched in Ar. The sulfur content was analyzed by the infrared absorption method after combustion in an induction furnace using a sulfur analyzer. The effect of aluminum on the equilibrium of the Fe-Nd-O-S system was also investigated using an alumina crucible (37-mm o.d., 45-mm height, volume 30 cm 3 ) when the Fe-Nd and the Fe-S alloys were prepared.
Results and Discussion

Equilibrium of the Fe-Nd-O System
The experimental results are summarized in Table 1 (Nos. [1] [2] [3] [4] [5] [6] and are depicted in Fig. 1 as a relationship of the neodymium and oxygen content of molten iron together with the results from Han et al. 6) We found that the oxygen content increased as the neodymium content of molten iron increased at the higher neodymium concentration. This result implies that a strong affinity exists between Nd and O in molten iron as the value for the interaction parameter of O for Nd in molten iron was much more negative. The solid curve in Fig. 1 shows the equilibrium curve for the Fe-Nd-O system, which was calculated on the basis of the thermodynamic data derived in this study and is explained later. The dashed curve is the equilibrium curve for the same Fe-Nd-O ternary system, which was compiled using the thermodynamic data derived by Han et al. 6) We found that our results do not agree with those obtained by Han et al. A typical result from the X-ray diffraction analysis for the sample which contains the compound formed at the surface of the metal is shown in Fig. 2 . This result confirms that the oxide phase which is in equilibrium with the molten metal is Nd 2 O 3 . Subsequently, the thermodynamic data for the formation reaction of Nd 2 O 3 which we determined from our experimental results is as follows: The Nd 2 O 3 formation reaction may be expressed as in Eq. (1). The equilibrium constant for Eq. (1), K (1) , is shown in Eq. (2). Values for the interaction parameters used this study are shown in Table 2 . The experimental results are plotted in Fig. 3 according to the relationship shown in Eq. (4) . From the slope and the intercept of the straight line in Fig. 3 Fig. 1 can, therefore, be described using these derived values. These values were compared with those found in the literature 6, 11, 12) and shown in Table 3 for the equilibrium constant, K Nd 2 O 3 , and in Table 4 for the interaction parameter of O for Nd, e O Nd .
Equilibrium of the Fe-Nd-O-S(-Al) system
Experimental results are summarized in Table 1 (Nos. 7-16). A typical X-ray diffraction result for the sample which contains the compound formed at the interface of metal and crucible is shown in Fig. 4 . From these results, we confirmed that under the present experimental conditions the equilibrium phases are both Nd 2 ..... (6) Under the present experimental conditions, we considered that Nd 2 O 3 and Nd 2 O 2 S are doubly saturated and the equilibrium relationship is represented in Eq. (7), which was derived by combining Eqs. (1) and (5). The equilibrium constant for Eq. (7) is given as Eq. (8). Experimental results are plotted in Fig. 5 according to the relationship given in Eq. (9) and using the interaction parameters in Table 2 . From the slope and the intercept of the straight line described in Fig. 5 by a linear regression, the interaction parameter of Nd for S, e S Nd , and the equilibrium constants, K (7) and K (5) , are derived as follows:
From the relationship in Eq. (3), e S Nd ϭ39.7(Ϯ11.1) can be converted into e S Nd ϭ178(Ϯ50). Table 3 compares these values to those in the literature 3, 5, 13) for K Nd 2 O 2 S and Table 4 compares the interaction parameter of S for Nd, e S Nd . The deoxidation and desulfurization equilibria of liquid iron as influenced by neodymium can be described by investigating the relationship among the Nd, O and S content, which should simultaneously satisfy the equilibria of Eqs.
(1) and (5). The calculation was conducted using the thermodynamic data that we derived in this study under the following conditions: a Nd 2 O 3 ϭa Nd 2 O 2 S ϭ1 at 1 873 K. The results are shown as solid curves in Fig. 6 . The oxygen content increases at higher neodymium content because of the large negative interaction parameter between Nd and O, e O Nd ϭϪ147. The dashed curves show the results calculated using the thermodynamic data by Han et al., 3, 5, 6) which do not agree with our results. Results from deoxidation and desulfurization equilibria of liquid iron using calcium 14) is also shown in Fig. 6 for comparison. We found that neodymium is more effective in the desulfurization of molten iron.
Alumina is known to be reduced by neodymium in molten iron and the reduced aluminum dissolves in the molten iron when an alumina crucible is used for the preparation of sample.
2) Accordingly, the effect of aluminum on deoxidation and desulfurization equilibria of molten iron by neodymium was also investigated. The experimental results are summarized in Table 1 (Nos. 17-24). The only equilibrium compound that contained sulfur was Nd 2 O 2 S. The reaction and the equilibrium constant are given by Eqs. (5) and (6), respectively. In this case, when Eq. (6) is rewritten using the interaction parameters, it is necessary to add a term for the effect of Al on the equilibrium relationship and Eq. (10) is, therefore, derived.
log K (5) Experimental results are plotted in Fig. 7 according to Eq. (11) . From the slope of the straight line which passes log log log log through the origin and is shown in Fig. 7 , the interaction parameter of Al for Nd, e Al Nd , at 1 873 K was determined to be 4.9(Ϯ4.1) by a linear regression. This value was compared with that from literature 15) in Table 4 . The absolute value of the interaction parameter is smaller than that of O or S for Nd and a repulsive force exists between Al and Nd in molten iron. The effect of aluminum on deoxidation and desulfurization equilibria in the Fe-Nd-O-S system is shown in Fig. 8 . The closed circles shows data for the Fe-Nd-O-S system and the open circles shows the data including aluminum. The dashed curve is the equilibrium curve for the Fe-Nd-O-S-Al system at an aluminum content of [mass%Al]ϭ0.02 in the iron. The sulfur content decreases slightly because of aluminum at the same neodymium content. We found that aluminum is slightly advantageous for the desulfurization of molten iron with neodymium.
Conclusions
Deoxidation and desulfurization equilibria of liquid iron by neodymium were investigated at 1 873K. The conclusions are summarized as follows:
(1) The following thermodynamic values for neodymium deoxidation and desulfurization was derived. 
